Tetramethylpyrazine is the active ingredient of a Chinese herbal medicine. In this study, tetramethylpyrazine was tested for its activities in irradiated bone marrow stromal QXMSC1 cells. The proliferation of QXMSC1 cells was measured by MTS assay kit and flow cytometry. To identify proteins involved in the processes of cellular and molecular response of tetramethylpyrazine to irradiation damage, we comparatively analyzed the proteome of nonirradiated, irradiated and tetramethylpyrazine treated QXMSC1 cells. Reverse transcriptase polymerase chain reaction (RT-PCR) were used to validate the differentially expressed proteins. 20 Gy 60 Co g g irradition inhibited QMSC1 cells growth and tetramethylpyrazine could reverse of this action due to stimulating QXMSC1 cells from G 1 to S progression. Proteomic analytical results showed that 18 spots were changed in irradiated QXMSC1 cells, and 15 spots matched with known proteins after database searching. The expression level of proteins such as translationally controlled tumor protein (TCTP), and galectin-3, were increased in irradiated QXMSC1 cells, while calmodulin, pyruvate kinase were decreased. Tetramethylpyrazine could prevent this change or reverse to some degree. The function of these proteins involves in hematopoiesis, cell cycle and signal transduction. The changes of these proteins were confirmed by RT-PCR at mRNA levels. This study suggested that stimulating proliferation via tetramethylpyrazine played an important role in the cure effect on irradiated QXMSC1 cells and was helpful to deeply understand the mechanism of tetramethylpyrazine at the molecular level.
The hematopoietic system as well as hematocytes is known to be sensitive to irradiation, and low doses of irradiation can induce damage in a special type of bone marrow hemorrhage and an exhaustion of the stem cell pool.
2) Stromal cells have been proposed to sustain hematopoietic stem cells during culture and are suspected to enhance hematopoietic recovery after cografting in preclinical or clinical models. The repopulation of the bone marrow after partial body irradiation can well be considered as bone marrow hemopoiesis with the key element of stem cells migrating via the blood to stromal sites of the marrow prepared to accept stem cells to home and start their replication and differentiation if the micro-environmental quality permits. 3) Tetramethylpyrazine, also named ligustrazine, is one of the active ingredient of the Chinese herb ligusticum wallichii franchat. It is well documented that tetramethylpyrazine exerts a radiation protective effect. [4] [5] [6] [7] [8] [9] Tetramethylpyrazine could promote the growth of hematopoietic cells through increasing the expression of adherent molecule and cyclin D 2 in the bone marrow of acute radiation injured mice. 4) The expression of vascular endothelial growth factor (VEGF), focal adhesion kinase (FAK) and mitogen-activated protein kinase (MAPK) in bone marrow stromal cells (BMSCs) decreased significantly after 60 Co g irradiation and increased slowly with time, while tetramethylpyrazine could increase the expression of VEGF, FAK and MAPK. 5, 6) Tetramethylpyrazine could increase the number of colony forming unit of spleen, progenitors of granulocytes/macrophage, the peripheral blood cells following bone marrow transplanta-tion (BMT) in mice. [7] [8] [9] It was concluded that tetramethylpyrazine could improve bone marrow microenvironment and promote hematopoietic reconstitution, but the 4molecule mechanism of tetramethylpyrazine to stimulate hematopoiesis is not elucidated clearly.
Proteomic analysis involves the qualitative alterations in proteins along with the quantitative changes in protein expression levels that occur in response to a given set of conditions.
10) The proteomic approach makes an important contribution to characterizing bone marrow proteome and investigating the tissue response of bone marrow to radiation, assists in identifying genotype-dependent responses and provides support for the importance of microenvironmental factors contributing to the overall response. The rapid increase in proteomic-based drug studies stems from the potential benefits associated with the elucidation of drug mechanism.
The marrow stromal cell line QXMSC1, established from bone marrow of BABL/c mice, was identified as a macrophage cell line.
11) QXMSC1 cells alone hasten the reconstitution of bone marrow depression after allogenetic BMT and IL-2, IL-3-transferred QXMSC1 cells could accelerate immune reconstitution post BMT. 12) As little is konwn regarding the radiation protective mechanism of tetramethylpyrazine on BMSCs and proteomic technique has more advantages in molecular identification, we attempted to use proteomic analysis to explain the molecule mechanism of the effects of tetramethylpyrazine on irradiated QXMSC1 cells.
MATERIALS AND METHODS

Reagents and Materials
Electrophoresis reagents including acrylamide, methylenebisacrylamide, N,N,NЈ,NЈ-tetramethylethyl-diamide (TEMED), hydroxymethyl amino-methane (Tris), glycine, sodium dodecyl sulfate (SDS), dithiothreitol (DTT), 3-[3(cholamidopropyl)dimethylammonio]-1-propane-sulfonate (CHAPS), Immobiline DryStrips, Immobilized pH gradient (IPG) buffer, IPG coverfluid and low molecular marker were purchased from Amersham Biosciences. Iodoacetamide and trifluoroacetic acid (TFA) were purchased from Acros. Trypsin was obtained from Boehringer Mannheim. Tetramethylpyrazine was purchased from the Chinese national institute for the control of pharmaceutical and biological products. 3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfonyl)-2H-tetrazolium (MTS) was from Sigma, RMPI-1640 was from Gibco, QXMSC1 cells was present by professor of Xie Shusheng of Peking University.
Cell Count Twenty five thousand cells were plated into a 24-well plate and grown in RMPI-1640 with 10% fetal bovine serum (FBS). At the exponential growth stage, QXMSC1 cells were rendered quiescent after culturing 48 h without FBS, then were irradiated by 20 Gy 60 Co g and incubated with various concentrations of tetramethylpyrazine for 48 h. The cells were then washed and trypsinzed, and diluted with isotonic solution. Cells were stained with trypan blue and the viable cells were counted using a hemocytometer.
Proliferation Assay The proliferation of cells were detected by depending on the reduction of a tetrazolium compound MTS to formazan with an absorption optimum of 490 nm directly proportional to the number of living cells. At the exponential growth stage, QXMSC1 cells were detached using trypsin and seeded at a density of 5000 cells/well in a 96-well plate. QXMSC1 cells were rendered quiescent after culturing 48 h without FBS, then were irradiated by 20 Gy
60
Co g and incubated with various concentrations of tetramethylpyrazine for 48 h, and 20 ml of MTS was added. The cultures were incubated for a further 1.5 h, following which the absorbance was read in a multiplate reader. Proliferation index (PI) was calculated by the S-phase and G2/M-phase ratio [(SϩG2/M)/(G0/G1ϩSϩG2/M)].
Flow Cytometry At the exponential growth stage, QXMSC1 cells were rendered quiescent after culturing 48 h without FBS, then were irradiated by 20 Gy 60 Co g and incubated with 40 mg/ml tetramethylpyrazine for 24 h, then cells were centrifuged at 200 g for 5 min, and cell pellets were fixed with 70% ethanol overnight. The cells were then washed twice with PBS and incubated with 1 g/l RNase for 30 min. The cells were then resuspented in 0.5 ml of solution containing 50 mg/l propidium iodide and stored in the dark for 20 min. Cells were analyzed on a FACScan flow cytometry (Becton Dickinson, FACS Cabiur).
Protein Extraction and Concentrations Determined At the exponential growth stage, QXMSC1 cells were rendered quiescent after culturing 48 h without FBS, then were irradiated by 20 Gy 60 Co g and incubated with 40 mg/ml tetramethylpyrazine for 24 h, then cells were added to 100 ml lysis buffer (8 mol/l urea, 4% CHAPS, 40 mmol/l Tris base). After a few cycles of quick freezing and subsequent thawing in liquid nitrogen, 4 ml RNase (10 g/l) was added. After deposition for 20 min, the cells were centrifuged at 12000 g for 30 min. The supernatant was transferred to a new Eppendorf tube and stored. Protein concentrations were determined using the Bradford assay.
13)
Two Dimensional Electrophoresis (2-DE) and Image
Analysis 2-DE were done according to Kwak and modified as described. 14) One milligram protein in rehydration solution (8 M urea, 2% CHAPS, 0.5% immobilized pH gradient buffer, 1% DTT, and trace of bromophenol blue) was loaded into an immobiline DryStrip (pH 3-10, 24 cm) (Amersham Biosciences). The first dimension isoelectric focusing was performed for 86000 V/h using an isoelectric focusing (IEF) system (Amersham Biosciences). Next, the gels were equilibrated for 30 min in equilibration buffer. The second dimension was run according to the Ettan DALT II system operating manual (Amersham Biosciences). Twelve and a half percent SDS-polyacrylamide slab gel (24 cm) was used for the second-dimension gel electrophoresis. The IPG strips were placed on the surface of the second-dimension gel, and then the IPG strips were sealed with 0.5% agarose in SDS electrophoresis buffer (25 mM Tris base, 192 mM glycine, 0.1% SDS). The gels were run until the bromophenol blue front reached the bottom. The gels were stained with coomassie blue R-250 and scanned with an ImageScanner (Amersham Biosciences) in transmission mode. Spot detection and matching were performed using ImageMaster 2D Elite 4.01 (Amersham Biosciences).
In-Gel Digestion of Proteins and Mass Spectrometry (MS) Detect Protein spots excised from coomassie blue stained gels were digested with trypsin according to Shevchenko described.
15) The gel pieces were destained by using 100 ml of a 1 : 1 mixture of 50 mM ammonium bicarbonate : acetonitrile for 10 min, which was then dehydrated with 25 ml acetronitrile. Gel pieces were then twice-washed with 50 mM ammonium bicarbonate and dehydrated with 25 ml acetonitrile. The acetonitrile was removed, and the samples were then briefly dried in a vacuum centrifuge. Gel pieces were covered with 10 ml digestion buffer, containing 25 mM ammonium bicarbonate and 20 ng/ml trypsin. After 45 min at room temperature, the gel pieces had reswollen and an additional 10 ml of 25 mM ammonium bicarbonate was added. Digestion was allowed to proceed overnight at 37°C. The resulting peptides were extracted using 5% TFA. Matrixassisted laser desorption/ionization (MALDI) mass spectrometry for peptide mass mapping was performed using a reflex matrix-assisted laser desorption/ionization time of flight (TOF) mass spectrometer (Bruker Daltonics, Bremen, Germany) with saturated a-cyano-4-hydroxy-trans-cinnamic (CHCA) solution in 0.1% TFA/50% acetonitrile as matrix. 16) Database searching was performed using the internet available program MASCOT (http://www.matrixscience.com) and pI was acquired from image analysis.
17)
RT-PCR At the exponential growth stage, QXMSC1 cells were rendered quiescent after culturing 48 h without FBS, then were irradiated by 20 Gy 60 Co g and incubated with 40 mg/ml tetramethylpyrazine for 24 h. A semiquantitative RT-PCR was performed. The RT-PCR protocol was optimized for temperature, amount of RNA and number of cycles in order to ascertain linear amplification range where the density of bands correlates with the amount of gene expression. Total RNA was extracted by Trizol Reagent (GIBCO BRL) according to manufacturer's instructions. Semiquantitative RT-PCR was performed as described previously. 18) The primers used for amplification of TCTP, galectin-3, calmodulin and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) have following sequences: TCTP primers yielding 283 bp reaction product: sence: 5-GCGAAGGTACCGA-AAGCACAG-3; antisence: 5-TCACGGTAGTCCAGGAGA-GCA-3; galectin-3 primers yielding 311 bp reaction product: sence: 5-GCCCCGCATGCTGATCACAATC-3; antisence: 5-GTTGTACTGCAGTAGGTGAGCATCGT-3; calmodulin primers yielding 283 bp reaction product: sence: 5-GGCAG-AACCCCACAGAAGCAG-3; antisence: 5-CCGTCCCCGT-CAATGTCTG-3; GAPDH yielding 479 bp reaction product: sence: 5-GGCCCCTCTGGAAAGCTGTG-3; antisence: 5-GGCGGCACGTCAGATCCAC-3. PCR products and molecular weight markers were separated in agarose gels containing ethidium bromide and visualized by UV light. The intensity of each band was normalized to its corresponding GAPDH band to semiquantitatively compare values between samples.
Statistical Analysis Data was reported as meanϮS.D. One-way ANOVA or Student's t-test was used for statistical analysis of the original data, and significance was accepted at the pϽ0.05 level. (Table 1 ). The effects of tetramethylpyrazine on cell cycle progression were determined by flow cytometry (Table 2 ). In the irradiated QXMSC1 cells, the population of G 0/1 cells increased with a concomitant decrease significantly in S phase cells. Tetramethylpyrazine significantly stimulate QXMSC1 from G 1 to S progresssion, as shown by the decrease in G 0/1 cells accompanied by a concurrent increase in S phase cells. The peak of subdiploid could not be detected in irradiated cells, which suggested apoptosis was not evident in irradiated QXMSC1 cells, and QXMSC1 cells possess strong resistance to irradiation.
RESULTS
The Effects of Tetramethylpyrazine on Proliferation in
The Different Proteins Identified by Proteomic Technique To characterize the irradiated QXMSC1 cells proteome and investigate the effects of tetramethylpyrazine, we employed proteomic technique to analyze different proteins in nonirradiated, irradiated and tetramethylpyrazine treated QXMSC1 cells. The data presented in Fig. 1 represents the reference map, which was generated using IPG ready strips of the pH range 3-10. In the present approach, a high degree of reproducibility was observed between gels, and replicate gel images were averaged and analyzed. Analytical results showed 919Ϯ28, 902Ϯ27 and 932Ϯ38 protein spots were detected in nonirradiated cells map, irradiated cells map and tetramethylpyrazine treated cells map respectively. Spot detection and matching were performed, eighteen spots showed significant difference in irradiated QXMSC1 cells compared with the control group (Table 3) . Spots were excised, digested with trypsin, and the resulting peptides were analyzed by MALDI-TOF analysis. The results presented in Table 4 show that the different expressed proteins that could be identified are involved in a wide range of cellular processes. In this approach the peptide masses obtained from MALDI-TOF were searched against MASCOT database and top hits were precisely matched with the pI and molecular weights of predicted proteins from genome sequence, and data obtained from 2-D gel electrophoretic analysis. Thus, only closely matched values were taken into consideration for identification of proteins. Eighteen spots showed significant difference and 15 of them corresponding to15 proteins were identified. Seven of them such as TCTP, galectin-3, glutathione S-transferase (GST) were increased by the irradiation, while the remaining eight proteins such as calmodulin, pyruvate kinase. disulfide-isomerase, peptidyl-prolyl cistrans isomerase, elongation factor were decreased. Tetramethylpyrazine could prevent or reverse these changes to some degree.
The Different Proteins Confirmed by RT-PCR Analysis To evaluate whether the regulatory effect of tetramethylpyrazine on irradiated QXMSC1 cells protein expression was secondary to the changes in mRNA levels, we measured mRNA levels by RT-PCR analysis. QXMSC1 cells were rendered quiescent and irradiated by 20 Gy 60 Co g and incubated with 40 mg/ml tetramethylpyrazine for 24 h. Non-irradiated QXMSC1 cells expressed the mRNA of TCTP, galectin-3 and calmodulin (Fig. 2) . Irradiation stimulated the expression of TCTP and galectin-3, while inhibited that of 400 Vol. 30, No. 2 calmodulin. Tetramethylpyrazine could reverse these changes in a dose-dependent manner.
DISCUSSION
Many nature agents have been investigated on whether they have the efficacy as a curative agent against radiation injuries in the recent years. Among the curative agents, tetramethylpyrazine have been extensively studied that it exerted curative actions including accelerating the recovery of hematopoiesis and ameliorating hematopoietic suppression. 5, 6) Irradiation less than 50 Gy
60
Co g can not induce apoptosis or death in vitro in bone marrow stromal cells which possess strong resistance to irradiation. 19) After 20 Gy
Co g irradiation, QXMSC1 cells were arrested in G 0/1 phase and proliferative rate decreased, tetramethylpyrazine could reverse these changes. Tetramethylpyrazine could improve bone marrow microenvironment, but the molecule mechanism of tetramethylpyrazine to stimulate hematopoiesis is not elucidated clearly, therefore, we investigated the changes of proteins in tetramethylpyrazine treated QXMSC1 cells using proteomic technique. Proteomic analysis indicated eighteen spots showed significant difference and fifteen of them corresponding to fifteen proteins were identified. Seven of which such as TCTP, galectin-3 were increased in irradiated QXMSC1 cells, while calmodulin and pyruvate kinase were decreased. Tetramethylpyrazine could prevent or reverse these changes to some degree.
TCTP has been implicated in important cellular processes, such as cell growth, cell cycle progression, malignant transformation. 20) Overexpression of TCTP in mammalian cells resulted in slow growth and a delay in cell cycle progression. 21) In the present study, TCTP was increased by the irradiation, while decreased in tetramethylpyrazine treated group. Tetramethylpyrazine stimulating irradiated QXMSC1 cells proliferation might be through decreasing TCTP.
Calmodulin plays an important regulatory role in the growth of hematopoietic progenitor cells. 22) Calmodulin binds to the membrane-proximal erythropoietic receptor (EpoR) cytoplasmic region and plays an essential role in activation of Jak2-mediated EpoR signaling.
23) Calmodulin-dependent protein kinase IV absence results in hematopoietic failure. 24) Calmodulin dependent pathway plays important role in mediating irradiation enhancement of double-strand breaks (DSB) rejoining fidelity in mammalian cells. 25) Ca 2+ /Calmodulin plays important roles in regulating irradiation induced cell cycle arrest, possibly through mediating chromatin structure. 26) Calmodulin-dependent protein kinase II is involved in the radiation responsive signalling pathway mediating S phase checkpoint. 27) Calmodulin plays an important regulatory role in hematopoiesis and DNA injury repair, increasing the level of calmodulin might be one of mechanism of tetramethylpyrazine to stimulate hematopoiesis.
A deficiency of pyruvate kinase is the most common cause of hereditary nonspherocytic anemia due to glycolytic enzyme defects. Red cells are poorly deformable due to adenosine triphosphate depletion in individuals with a pyruvate kinase deficiency and are destroyed in the microcirculation of the reticuloendothelial system, leading to extravascular hemolysis. The metabolic disturbance in pyruvate kinase deficiency alters not only the survival of red cells but also the maturation of erythroid progenitors, resulting in ineffective erythropoiesis. 28) Pyruvate kinase decreased after irradiation, and tetramethylpyrazine could increase the level of pyruvate kinase, this will be helpful to stimulate hematopoiesis.
Galectin-3 has been shown to play a role in cell differentiation, morphogenesis, adhesion and cell proliferation regulation. Galectin-3 is developmentally expressed in human myeloid cells and is strongly upregulated on the cell surface of late mature myeloid cells, 29) and galectin-3 mRNA expression was up-regulated during the course of monocytic differentiation. 30 ) UV-C irradiation caused an increase in the expression of galectin-3 through NF-kappaB pathway. 31) Overexpression of galectin-3 may play a role in tumor cell invasion and metastasis by specifically influencing cell adhesion to the extracellular matrix. 31) Tetramethylpyrazine could decrease of the level of galectin-3, and this action might be helpful to inhibit the invasion and metastasis of carcinomatous cells induced by irradiation.
Galectin-3 is secreted from cells by a novel and incompletely understood mechanism that is independent of the classical secretory pathway through the endoplasmic reticulum/Golgi network. 32) TCTP (also called histamine-releasing factor) has been described previously as a secreted protein that participates in inflammatory responses by promoting the release of histamine. 33) Galectin-3 and TCTP, both are secreted proteins, up-regulated in irradiated QXMSC1 cells, while tetramethylpyrazine could reverse these changes.
GST null genotype may play a role in an increased risk of myelodysplasia. 34, 35) Serum acidic GST may be of use as a clinical marker of increased destruction and/or overproduction of blood cells. 36) GST are involved in cellular protection against xenobiotics, oxidative stress as well as in resistance against chemotherapeutic compounds. 37) GST have important effects on hematopoiesis and cellular protection, and irradiation interfered the GST, while tetramethylpyrazine could attenuate the change of GST.
Analysis of the protein expression profiles of irradiated cells may be beneficial for identification of new biomolecules of radiation-induced cell damage and new targets of radioprotective agents. Therefore, in this study we exploited the proteomic approach to identify proteins whose expression is significantly altered in gamma-irradiated and tetramethylpyrazine treated. It proved possible to identify fifteen proteins with significantly affected abundance, the function of these proteins involves in hematopoiesis, cell cycle, signal transduction. The application of proteome to stromal cells has allowed the first description of the proteome of these important components of the hematopoietic microenvironment and an analysis of their response to ionizing radiation which may shed light on the mechanism underlying radiation-induced hematopoietic injury.
